In this study, nZVI, nPd/Fe and nPd/Fe-B particles were synthesized and used to remove PCE in solution to investigate the effects of several parameters such as the types of metal particles and their mass concentration. From the elemental mapping images of energy dispersive spectrometer (EDS), amorphous Fe and Pd were tightly integrated into the alginate matrix, which cannot be solely exfoliated from the whole composites. The results showed that the removal efficiency (r) and observed reaction rate constants (k obs ) was the highest for nPd/Fe, followed by nPd/Fe-B and nZVI particles. Moreover, the larger the reductant dosage, the higher the r of PCE for nZVI, nPd/Fe, and nPd/Fe-B particles is. The pH in solution quickly raised from about 5-6 to 8-9 at the beginning of tests and then maintained at around 8-9 to the end of tests. The ORP in solutions descended to reductive state immediately at the beginning of tests and kept in the range between -730 and -770 mV to the end of tests indicating that the system maintained in a stable reductive state.
Introduction
In recent years, nanoscale zero-valent iron (nZVI) technology has received more attentions, because of its high reactivity, specific surface area, environmental friendliness and low cost [1] . The nZVI technology can be applied to treat extensive targets, including chlorinated organic compounds (COCs), heavy metals, anionic salts, etc. Although nZVI particles can effectively degrade the COCs, however, a passivation layer will be formed on the surface of them because of the production of metal oxides or metal hydroxides precipitates that reduces their activity life. In respect to the application of ZVI, if internal electron can be continually supplied to maintain zero valent of Fe, the formation of precipitates can be reduced. Therefore, Pd/Fe bimetal is developed to improve the reduction capacity of Fe, Pd is regarded as the electron supplier to prevent the precipitates formed on the surface of Fe. Moreover, nZVI and nPd/Fe particles are too small to recover, and then not ready to reactivate for possible reuse [2] [3] . Nutrients (nitrate, phosphate, etc.) in groundwater would interfere the reduction capacity of nZVI and nPd/Fe. Therefore, nZVI and nPd/Fe particles need to be modified to improve their efficacy and extend their active life [4] . Applying alginate as supported carrier of nZVI or nPd/Fe particles to form the nZVI (nZVI-B) or nPd/Fe alginate bead (nPd/Fe-B) to reduce the aggregating and oxidizing phenomenon of particles [5] . Moreover, the nZVI and nPd/Fe-B particles can be recovered and reused due to their larger sizes.
In this study, nZVI, nPd/Fe and nPd/Fe-B particles were synthesized and used to remove PCE in solution to investigate its removal behaviors and reduction kinetics. The effects of several parameters such as the types of metal particles and their mass concentration on PCE removal were also evaluated.
Materials and Methods

Synthesis of Materials
Preparation of nZVI particles was achieved in the anoxic chamber by adding 1:1 volume ratio of NaBH 4 (0.5 M) into FeSO 4 (0.028 M) solution and then mixing 5 min with a glass rod. Nano palladium-iron bimetal (nPd/Fe) were prepared by soaking the freshly prepared nZVI particles in an ethanol solution containing palladium acetate. After being filtered and rinsed with 99% acetone and deionized water three times, then freeze-dry the particles for 48 hr with a freeze dryer to obtain the nZVI and nPd/Fe particles. The sodium alginate solution (2%) was dropped into the CaCl 2 solution (3%) to form the Ca(II)-alginate spheres by rapid gelation. Then transferred the nZVI-B to the FeSO 4 solution (0.028M) and mixed overnight, the Fe(II)-alginate beads were formed. Subsequently, the Fe(II)-alginate beads were filtrated. After being filtered and rinsed with 99% acetone and deionized water three times, then lyophilize the particles for 48 hr with a freeze dryer to get the nPd/Fe-B.
Particle Characterization
The morphologies and contents of the nZVI, nPd/Fe and nPd/Fe-B were imaged by scanning electron microscopy (SEM, FEI Quanta 200) equipped with an energy dispersive spectrometer (EDS, Genesis XM 4i). SEM images were observed at beam energies of 20 kV and magnification of 20,000 times. Concentrations of chlorinated compounds were pretreated by a purge and trap concentrator (O.I. Analytical 4560) and quantified by a gas chromatography equipped with a micro electron capture detector (GC-ECD, HP6890 plus series).
Dechlorination Experiments
Batch PCE dechlorination tests were performed in a reactor made of 1.3 L (11.0 cm   14.5 cm H) homemade glassware with 4 ports for pH, redox potential (ORP), conductivity meter and sampling equipped with silicone septum seals ( Figure 1 ). The preset reactor temperature was maintained with a circulating water tank. Various dosage of nZVI (1, 5 g), nPd/Fe (0.5, 1 g) and nPd/Fe-B (1, 2, 4 g) was applied into 1.2 L solution with initial concentration of 25 mg L -1 PCE. The reactor covered with aluminum foil to avoid the light interference was full without any gaseous space solution and mixed at 300 rpm. Aliquots were periodically sampled (0, 0.67, 2, 4, 6, 8, 12, 24, 36 and 48 hr) with an airtight syringe fitted with a needle and analyzed for PCE as well as its derivatives. 
Results and Discussion
Characterization of Synthesized Particles
From the ESEM images, the surface of NZVI and Pd/Fe were chain-like and rough due to the van der waals force (Figure 2a and 2b) . Fe was identified on nZVI from the analysis of SEM-EDS (Figure 2c ). Pd was also identified on the bimetallic particles and Fe was the primary element ( Figure 2d ). The average particle sizes were around 30-70 nm. The crystalline square particles on nPd/Fe are a certain COOH mineral phase that representing Pd 2+ is reduced to Pd 0 (Figure 2b) [6] . The exterior of nPd/Fe-B displayed a sphere-like shape with a diameter around 2.54 mm (Figure 3a) . In contrast to the chain-like surface of nPd/Fe, the surface of nPd/Fe-B appeared to be cotton-like [14] with numerous nanoscale and spherical-shaped particles on it that was considered to be typical characteristics of amorphous state (Figure 3b) [7] . Pd was also identified on the bimetallic particles and Fe was the primary element ( Figure 3c ). From elemental mapping images, amorphous Fe and Pd were tightly integrated into the alginate matrix, which cannot be solely exfoliated from the whole composites (Figure 3d and 3e) [8] . 
Effects of the Type of Reductants and Their Mass Concentration
Reductant dosage in solution is one of the important parameters that affect the PCE removal efficiency (r) by nZVI, nPd/Fe and nPd/Fe-B particles. As shown in Figure 4a , when nZVI dosage raised from 1 to 5 g, the r of PCE at reaction time of 48 hr increased from 55.7 to 91.2%, while the corresponding observed rate constant (k obs ) increased from 0.0169 to 0.0465 hr -1 ( Table 1) . As the nPd/Fe dosage raised from 0.5 to 1 g, the r of PCE at 48 hr increased from 98.5 to 99.9% ( Figure  4a ), while the corresponding k obs increased from 0.0852 to 0.1887 hr -1 ( Table 1) . As the applying dosage of nPd/Fe-B was set at 1, 2 and 4 g, the corresponding PCE r at 48 hr was 88.3, 93.1 and 99.7% (Figure 4b and Table 1 ). Therefore, the larger the reductant dosage, the higher the r of PCE with nZVI, nPd/Fe, and nPd/Fe-B particles is. Because Pd can be regarded as the electron supplier to maintain zero valent of Fe that prevents the precipitates formed on the surface of Fe. But the outer layer of alginate beads will slightly obstruct the transport of TCE in bulk solution into the beads resulting in the decrease of its removal with the nPd/Fe particles within the beads. Therefore, r and k obs was the highest for nPd/Fe, followed by nPd/Fe-B and nZVI particles ( Figure 4 and Table  1 ). Because H + was continuously consumed during the dechlorination reaction of 48 hr, while PCE was degraded by NZVI and Pd/Fe, pH quickly raised from about 5-6 to 8-9 at the beginning of tests and then maintained at around 8-9 to the end of tests (Table 1) . Similar results were observed in previous studies for TCE, PCE, 2,4-dichlorophenol, trichlorophenol, and PNCB degraded by NZVI [9] , Pd/Fe [10] , CMC-stabilized Pd/Fe [11] , and Pd/Fe-B nanoparticles [8] . The ORP descended to reductive state immediately at the beginning of tests and kept in the range between -730 and -770 mV to the end of tests indicating that the system maintained in a stable reductive state during the dechlorination reaction (Table 1 ). 
Conclusion
PCE in solution is effectively dechlorinated by nPD/Fe and nPd/Fe-B particles. The nPd/Fe particles showed higher PCE removal than NZVI, and yielded a quicker and more complete PCE degradation. The r and k obs is the highest for nPd/Fe, followed by nPd/Fe-B and nZVI particles. The Pd-modified bimetallic technology really enhanced the reactivity of Fe particles to PCE removal. Moreover, the larger the reductant dosage, the higher r of PCE for nZVI, nPd/Fe, and nPd/Fe-B particles is. As PCE was degraded by NZVI and Pd/Fe, the pH in solution quickly raised at the beginning of tests and then maintained at about 8-9 to the end of tests. The ORP in solutions descended to reductive state immediately at the beginning of tests and maintained to the end of tests. The nPd/Fe bimetallic or nPd/Fe-B technology for PCE removal are quite promising and may provide some valuable information to develop an efficacious system for the remediation of aquifer contaminated by chlorinated solvents. However, the amounts of Pd/Fe released from the beads to the solution during the dechlorination process will be worthwhile for further study.
